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plassM  growth  facilit/  and  its  operation.  The  aain  conclusion  fron 
the  growth  experiments  Is  that  the  instability  of  spinel  at  its 
smiting  point  precludes  the  growth  of  large  etoichlaastrle  single 
crystals  by  direct  fusion.  Altematlira  techniques  are  discussed. 

The  effect  of  heat  treatment  on  the  aicroindentation  behavior 
and  room  te^Mrature  compressive  strength  of  alumina-rich  spinel 
single  crystals  is  discussed.  Some  high  temperature  strength  data 
on  alumina-rich  spinel  are  included. 
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IirrHDDUCTION 


This  report  describes  the  concluding  phases  of  research 
carried  out  under  Contract  AF  33 (6 16) -7820,  It  has  been  con¬ 
cerned  with  growth  of  spinel  single  crystals,  with  character¬ 
izations  of  their  defects,  and  with  studies  of  strength  and  de- 
forr.iation  in  such  crystals.  The  initial  phases  of  this  Inves¬ 
tigation  have  already  been  described  in  Technical  Documentary 
Report  No.  ASD-TDR-62-1086  dated  February,  1963.  At  that  Junc¬ 
ture,  it  had  been  determined  that  stoichiometric  >!gAl204  single 
crystals  of  acceptable  size  and  perfection  could  not  be  readily 
grown  by  conventional  Verneuil  techniques  employing  oxy-hydro- 
gen  flames  as  the  heat  source.  Consequently,  an  R.  F.  plasma 
heat  source  (offering  higher  working  temperatures  and  selective 
control  over  the  atmospheric  environment  in  which  the  crystal 
grows)  was  selected  for  further  study  of  the  growth  of  spinel 
boules,  and  an  appropriate  apparatus  had  been  designed  and  was 
being  constructed.  One  section  of  this  report  describes  that 
apparatus,  discusses  its  operation  and  performance,  and  summa¬ 
rizes  the  results  of  many  crystal  growth  experiments  which  have 
been  carried  out  with  it. 

Some  small  transparent  boules  of  fairly  high  quality  have 
been  infrequently  obtained,  but  evidence  pointing  to  chemical 
instability  of  MgAl204  at  (and  above)  its  melting  point  casts 
much  doubt  on  the  feasibility  of  growing  high  quality  stoichio¬ 
metric  boules  of  useful  size  by  any  direct  fusion  technique, 
regardless  of  heat  source.  Therefore  consideration  has  been 
given  to  other  alternative  methods  for  crystal  synthesis,  with 
emphasis  on  those  talcing  place  at  lower  temperatures. 

Alumina-rich  spinel  boules  can  be  grown  with  relative  ease 
and  both  labors tory-grovm  and  c<x»»9rclally  obtained  crystals 
with  an  approximate  ^0:2.9  Al20~  ratio  have  been  caaployed  in 
studies  of  variations  in  micro indentation  surface  hardness  and 
room  temperature  compressive  strength  as  ftmctlons  of  heat 
treatment.  Exsolution  of  excess  alumina  as  a(-Jll203  platelets 
oriented  epitaxially  on  fill]  planes  within  the  spinel  as  a 
result  of  heat  treatmuent  materially  alter  the  microstructure, 
and  significantly  change  surface  hardness  and  strength.  Both 
annealing  and  hardening  (embrittling)  effects  are  observed,  the 
former  in  the  700  -  lOOO’^  range,  the  latter  in  the  1000  - 
1400^0  range.  High  teiiq>erature  compression  studies  of  spinel 

Manuscript  released  by  authors,  July  1964,  for  publication  as  an 
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d«aK»Mtx»t«d  plasticity  relatsd  to  noveiMint  on  Multiple  (111) 
(llO|  slip  systens.  Chemical  and  thermal  etching  methods,  par- 
tlally  successful  In  revealing  dislocation  concentrations  and 
subgrain  boundary  configurations  In  spinel,  have  been  developed, 
and  have  been  esq;>loyed  In  correlating  strength  and  deformation 
betmvlor  with  structure  and  orientation  of  spinel  crystal  spec- 
iMns. 


R.  F.  PLASMA  CBOrSTAL  GRDtfTH  FACILTIT 


Apparatus 

Equlpnent  designed  and  constructed  at  M.  C.  State  for  crys¬ 
tal  growth  research  using  the  Inductively  coupled  thensal  plasma 
heat  source  originally  developed  by  Reed^  is  illustrated  In  Fig¬ 
ures  1  and  2,  Which  show  front  and  side  views  respectively.  All 
controls.  Including  those  of  the  Lepel  T-10-3MC  power  sxipply  are 
accessible  from  the  front,  and  view  ports  permitting  direct  ob¬ 
servation  of  the  plasma  and  the  growing  crystal  are  located  In 
front  and  side  panels.  The  viewports,  coaq|>osed  of  two  1/8  Inch 
thlcK  dark  grey  Plexiglass  sheets  (uncooled  In  these  photographs, 
now  fully  water  cooled) ,  filter  enough  of  the  Intense  radiant 
energy  from  the  plasma  to  permit  safe,  comfortable  viewing  for 
reasonable  time  periods  without  auxiliary  dark  safety  goggles. 

The  entire  side  panel  may  be  svning  away  on  hinges,  permit¬ 
ting  convenient  access  to  the  coll,  lower  portions  of  the  torch, 
furnace,  and  accessory  Items.  The  "hot  chaniber"  Is  water  cooled, 
and  for  safety  purposes,  is  ventilated  with  a  forced  draft  suc¬ 
tion  system  exhausting  outside  the  building. 

Since  both  the  po%«er  supply  and  the  plasma  facility  are 
critically  dependent  upon  a  reliable  supply  of  cooling  water,  a 
recirculating  system  was  constructed  to  provide  an  adequate  flow 
of  water  at  a  constant  45  psl,  the  temperature  of  %imter  supplied 
to  the  facility  Is  thermostatically  controlled  at  90°F.  This 
slightly  higher  than  ambient  setting  Is  utilized  to  eliminate  any 
danger  of  moisture  condensation  and  subsequent  arc -over  within 
the  water-cooled,  high-voltage,  high-frequency  power  supply. 

A  schematic  view  of  the  principal  cosyponents  of  the  facil¬ 
ity  Is  shown  In  Figure  3.  The  principle  of  operatic  Is  straight¬ 
forward:  (a)  The  Intensely  hot  plasma  (estimated  6000^  - 

15,000*^0)^  Is  generated  within  the  torch  by  eddy  currents  induced 
within  Ionized  argon  gas  (idilch  may  be  selectively  aAalxed  with 
modlQrlng  gases)  by  an  R.  F.  field  maintained  within  the  load 
coll  by  alternating  current  supplied  by  the  Lepel  unit  (frequen¬ 
cy  approximately  3.45  NC)  ;  (b)  heat  from  the  stable,  floating 
electrodeless  plasma  melts  (and  even  vaporizes)  small  particles 
of  feed  material  being  carried  along  from  the  vibratory  feeder 
the  innermost  stream  of  gas  entering  the  torch;  (c)  )»at  from 
the  plasma  also  initially  melts  the  tip  of  a  seed  crystal  brought 
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Figure  1.  Front  view  of  R.  P.  plasma 
crystal  growth  facility. 


Figure  2,  Side  view  of  R.  F.  plasma 
crystal  growth  facility. 
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Figure  3^  SciMMtic  drawing  of  iU  W.  plana 
cryatal  growth  facility. 
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p  Into  position  and  rotated  loy  electro -nee  nan  leal  devices,  and 
lereafter,  maintains  a  molten  layer  over  the  surface  of  the 
rowing  houle. 

IXirlng  growth,  the  seed  and  its  increasingly  longer  houle 
re  gradually  withdrawn  so  that  the  molten  cap  remains  essen- 
.ally  stationary  with  respect  to  the  heat  source.  Molten  par- 
.cles  are  added  to  the  liquid  layer  from  above  as  crystallized 
tterlal  Is  removed  from  below.  Feed  and  withdrawal  rates  must 
(  capable  of  being  sensitively  controlled  over  wide  ranges, 
ljustments  in  one  roust  be  made  with  respect  to  the  other,  and 
I  addition,  must  be  conditioned  by  the  particular  heat  flux- 
mperature  conditions  which  prevail. 

In  most  respects,  the  function  of  the  facility  is  directly 
lated  to  that  already  described  for  traditional  Verneuil  oxy- 
drogen  crystal  furnaces.^  The  principal  difference  is  to  be 
und  In  the  character  of  the  heat  source  employed,  and  in  the 
de  range  of  non-conibustive  atmospheres  that  can  be  attained 
using  whe  plasma  source. 

Four  modes  of  semi-automatic  vertical  motion,  plus  rotation 
9  RPN  about  the  vertical  axis  are  provided.  In  addition,  t%ifo 
ctllinear  modes  of  lateral  translation  of  the  seed  and  candle 
s  provided  through  cable -connected  manual  drives. 

The  basic  machinery  for  the  semi-a jtcsnatic  motions  consists 
two  reversible  motors,  t^«o  electric  clutches  and  a  common  speed- 
hiclng  gear  box.  A  ball-screw  ball-spline  assembly  converts  the 
:ary  motion  from  the  gear  train  into  vertical  motion  of  the  seed 
«’8tal.  With  appropriate  switches  controlling  the  electric 
itches,  either  irotor  (a  constant  speed  reversable  one  yielding 
rest  traverse  of  3  In/rain. ,  up  or  down;  the  other  slow  and  man- 
.ly  variable  and  reversable,  yielding  growing  speeds  ranging 
nt  0  -  3.6  in/hr.)  may  be  connected  to  the  speed  reducer. 

Details  of  the  vibratory  feeder  -  pressure  hopper  assembly 
t  of  the  R.  F.  plasma  torch  have  been  previously  illustrated 
Figures  12  and  16*  respectively,  of  Reference  4.  Control 


Illustrations  for  Figures  16  and  17  of  Reference  4  were 
oneousiy  exchanged  during  printing.  The  correct  caption  (Fig. 

appears  on  p.  45,  the  corresponding  drawing  appears  on  p.  46 
g.  17). 
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circuit*  for  th*  *lectran*chanlcal  systan  are  schematically  11~ 
luatratsd  In  I'lgurs  4a;  nonanclature  for  the  various  components 
is  given  In  Figure  4b.  A  transparent  enclosure-furnace  assembly 
utilised  for  crystal  grovth  ejqperiments  in  the  H.  F.  plasma  fa¬ 
cility  is  illustrated  in  Figure  5. 


experimental  Procedures  for  Crystal  Growth 

Experimental  procedures  which  have  been  found  most  favorable 
for  growth  of  single  crystal  spinel  are  dependent  upoh  the  desired 
environmental  conditions,  and  upon  many  interrelated  parameters 
in  the  ^stem,  e.g.  heat  flux,  plasma  flame  stoichiometry,  boule 
siae,  feed  rate,  and/or  withdrawal  rate.  Bach  experiment  requires 
these  four  steps:  (1)  set  up  and  load,  (2)  Initiate,  stabilize 
and  invert  the  plasma,  (3)  Insert  and  melt  the  tip  of  the  seed 
crystal  and  initiate  growth,  and  (4)  cool  and  shut  down. 

The  required  set  up  time  often  equals  or  surpases  the  time 
of  the  run,  because  it  is  frequently  necessary  to  clean  up,  re¬ 
place  damaged  fused  quartz  components,  replenish  gas  supplies, 
change  feed  materials,  select  and  position  a  new  seed,  and/or  align 
the  coaqmnents  of  the  ap^ratus.  A  typical  sequence  is  outlined 
below.  Fresh  tanks  of  argon  and  other  additive  gases  are  secured 
to  the  amnlfolds,  and  the  line  pressure  is  set  at  15  psi.  During 
the  required  40  minute  warm  up  period  the  power  supply  is  water 
cooled  and  its  heat  losses  bring  the  cooling  water  in  the  reser¬ 
voir  of  the  recirculating  unit  to  equllbrium  at  90°F. 

Mben  the  set-qp  is  cosiplete  and  cosiponeots  of  the  facility 
fully  waramd  up,  a  plasma  is  Initiated  by  drawing  an  arc  (initial 
source  of  electrons  and  argon  ions)  from  the  1/16”  diameter  tanta- 
lusi  starting  electrode,  which  is  IdMn  quickly  withdrawn  upward 
through  the  torch  body  as  soon  as  power  couples  spontaneously  into 
the  ionized  gas  to  create  a  stable,  teardrop-shaped  plasma.  Typ¬ 
ical  starting  conditions  are:  plate  24%,  grid  52%,  (gas  input  1) 
mrqon  at  10.0  llters/min. , (gas  input  argon  at  10.5  liters/min. 
mmsdlateXy  after  the  plaasui  initiates,  ths  protective  outer  vor¬ 
tex  of  cooling  argon  (input  gas  1}  is  increased  to  about  27.0 
liters/kin.  and  the  grid  current  is  rebalanced  at  10%  of  plate 
current  to  prolcmg  the  life  of  the  oscillator  tube. 

Once  the  plassm  is  stabilised,  the  esdutust  draft  fan  la  I 

started  and  all  BystssM  are  recdiecked  to  insure  stable,  safe  qp- 
eratiflii.  An  eccentrically  located  plasma,  inadequate  gas  flow  in 
ths  torch,  inadequate  flow  of  cooling  water,  or  an  unbalanced  grid  | 


current,  to  cite  some  examples,  can  endanger  the  life  of  the 
equipment  or  can  cause  an  electrical  overload  and/or  safety 
circuit  abort;  either  eventuality  proves  disastrous  to  a  gro^r- 
Ing  boule. 

Rotation  of  seed  and  candle  is  started,  and  the  seed  is 
mechanically  raised  from  Its  Initial  position  low  in  the  furnace 
to  a  point  tdiere  the  tip  of  the  seed  just  melts.  This  position, 
usually  1/2  to  1  inch  above  the  furnace  tube,  and  approximately 
the  same  distance  below  the  visible  tip  of  the  plasma,  Is  the 
"seat  of  cry8t^lll^atlon; "  Ideally,  the  shallow  melt  can  be  main¬ 
tained  at  this  level  as  fresh  material  is  added  at  the  top,  and 
crystal  pulled  away  beneath.  Next,  the  center  gas  flow  (input  3) 
which  carries  entrained  feed  material  Is  set  at  approximately  1 
llter/mln.  and  the  gas  sustaining  the  plasma  (input  2}  Is  reduced 
to  7.5  llters/inln.  Under  these  conditions  the  center  gas  velocity 
will  penetrate  the  dense  plasma  (Inverted  condition)  and  intro¬ 
duce  the  fine  particles  of  feed,  otherwise  the  feed  would  bypass 
the  plasma  and  not  penetrate  Its  sheath  of  electrons. 

Finally,  actual  growth  Is  Initiated  by  turning  on  and  adjust¬ 
ing  the  vibratory  feeder.  Dynamic  factors  cause  the  particles, 
initially  Introduced  from  a  1  inn.  bore,  to  disperse  to  the  much 
larger  grovrth  surface  («10  mm.}.  An  Inverted  plasma  Is  much 
more  efficient  in  Its  ability  to  heat  particles  to  the  melt  tem¬ 
perature  and  keep  them  axially  collimated  and  directed  toward  the 
growth  surface.  Vaporization  of  the  feed  particles  also  tends  to 
lessen  their  concentration  at  the  growth  surface.  The  total  heat 
flux  and  this  local  concentration  of  molten  feed  material  in  the 
critical  growth  zone  are  perhaps  the  most  important  factors  which 
determine  the  gronrt^h  rate  and  overall  quality  of  the  boule. 

Enclosing  the  plasma  and  boule  Is  a  modified  wide  mouthed 
Erhlenmeyer  flask  of  fused  quartz  which  serves  to  eliminate  random 
effects  attributable  to  cross  drafts  caused  by  the  exhaust  system; 
its  neck  also  contains  and  supports  the  tubular  annealing  furnace. 
The  flask  was  modified  by  cutting  an  axial  hole  for  the  plasnsa 
torch  and  by  adding  two  ducts  to  act  as  relief  porta.  The  in¬ 
verted  flask  shape  is  very  favorable  for  dissipating  intense  radi¬ 
ant  and  convective  energy  from  the  plasma.  Other  containment 
shapes,  e.g. ,  cylinders,  did  not  perform  as  well,  but  caused  over¬ 
heating  of  torch  components.  Excessive  back  pressures  inere  en¬ 
countered  if  relief  ports  were  not  Incorporated;  the  cooling  gas 
vortex  sweeps  down  around  the  plasma  and  exits  primarily  through 
these  ports. 
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Incandescent  gases  from  the  plasma  stream  downward  over  the 
boule  In  almost  laminar  flow,  and  also  heat  tl^  annealing  furnace. 
At  the  base,  the  hot  gar  is  deflected  by  fused  quartz  plates  and 
discs  which  protect  the  positioning  devices  beneath  tht  floor  of 
the  housing;  the  spent  gases  dissipate  their  heat  within  the  water- 
cooled  housing  and  finally  are  carried  out  of  the  housing  by  the 
exhaust  blower.  The  furnace  assembly  is  supported  by  another 
fused  quartz  disc  resting  on  three  fused  quartz  cylinders  posi¬ 
tioned  on  triangulated  metal  posts.  During  cooling,  with  the 
plasma  operating  at  low  povrer  levels  with  reduced  gas  velocitjes, 
it  is  necessary  to  plug  the  relief  ports  with  flberfrax  to  elimi¬ 
nate  chilling  drafts  resulting  from  thermally -induced  chimney 
effects  and/or  cross-currents  caused  by  the  exhaust  blower. 

As  Figure  5  illustrates,  auxiliary  heat  input  from  an  elec¬ 
trical  resistance  winding  (Pt  40%  Rh)  during  the  annealing  phase 
of  cryB^Bl  growth  had  been  planned,  but  to  date  all  experiments 
have  been  carried  out  without  the  winding  to  permit  evaluation  of 
heat  distributions  and  8tad>ility  of  the  99.5%  alxanina  tube  (McKinel 
AP-35)  under  exposure  to  the  intense  radiation  from  the  plasma. 

It  has  been  learned  that  experiments  at  the  General  Electric 
Research  Laboratory  with  similar  resistance  windings  were  not  sat¬ 
isfactory;  the  electrically  conductive  plasma  was  able  to  pene¬ 
trate  the  ceramic  furnace  tube  and  short  out  to  ground  through 
the  windings  (presuxnaibly  because  the  tube  h'as  heated  well  above 
the  temperature  at  which  the  cereunlc  could  function  as  an  effec¬ 
tive  insulator).  At  General  Electric,  a  combustion-heated  an¬ 
nealing  furnace  has  been  substituted  for  the  resistance -wound 
construction. 


Materials 

An  Ideal  feed  material  for  crystal  growth  by  flame  fusion 
should  be  extremely  pure,  and  it  must  be  eais^  to  feed  at  a  con¬ 
trolled,  variable  rate  Into  a  gas  stream;  idien  injected  into  the 
flame,  it  should  melt  readily,  but  not  disperse  excessively.  For 
03^-hydrogen  fueled  Vemeuil  crystal  furnaces,  the  classic  ideal 
is  "sapphire  boule  pote3er, "  an  alunina  derived  from  aluminum  alum 
by  gentle  calcination;  it  is  fairly  free-flowing  with  a  relatively 
low  angle  of  repose.  Such  materials  have  very  small  ultimate 


^^Personal  Connunication,  B.  M.  Clausen,  General  Electric 
Resear^ril  Laboratories,  April,  1964. 


particle  sizea,  so  they  nelt  quickly,  but  they  are  agglonjerated 
in  light,  floccy  maseee,  which  enhance  the  flow  behavior  during 
feeding. 

Spinel  of  very  high  purity  has  also  been  prepared  in  a  com¬ 
parable  manner,  by  ^ntle  calcination  of  coprecipitated  A1(0B)3* 
llg(0B)2*  X  B20.^  It  occurs  as  soft,  very  friable  agglomerates, 
and  its  ultimate  particle  alee  is  only  40  nyn.  Or» fortunately.  It 
differs  from  sapphire  boule  poiider  by  having  a  very  high  angle 
of  repose  ( 70^) .  It  is  very  difficult  to  dispense  reliably 
from  any  sort  of  vibratory  feeder  (including  those  with  mesh 
bottoms) ;  once  out  of  the  feeder  proper,  it  is  likely  to  pile  up 
on  hopper  walls  (60^  surface,  teflon  coated)  or  to  bridge  up  in 
tube  bores  or  torch  tips.  Apart  from  greater  difficulty  in 
maintaining  consistent  feed  rates  as  conqpared  with  sapphire  feed 
material,  this  coprecipitated  and  calcined  spinel  behaved  satis¬ 
factorily  at  high  tes^ratures  during  crystal  growth  experiments 
in  the  Vemeull  furnace.  However,  It  %«as  entirely  too  fine  for 
use  in  the  A.  F.  plasnia  facility;  the  particles  had  too  little 
density  (and  hence  momentum)  to  be  able  to  penetrate  the  plasma. 
Host  of  the  oncoming  feed  bounced  upward  off  the  "hard"  plasma, 
and  thereafter  went  around  it  in  a  dispersive  pattern;  little  or 
none  actually  arrived  at  the  growth  face  of  the  seed  crystal. 

Arc-fused  spinel  obtained  from  Kuscle  Shoals  Blectrochenical 
Corporation  (low-soda  grade,  99'*'%  purity,  described  on  pp.  198, 
201  of  Ref.  5)  has  proven  to  be  the  roost  satisfactory  material 
tested  to  date  in  terns  of  consistency  of  feed.  When  calcined  to 
renove  carbon  (residual  from  the  arc  electrodes)  and  thereafter 
kept  free  from  moisture  adsorbed  from  the  atroosphere,  the  minus 
200—,  plus  270-  mesh  fraction  feeds  satisfactorily,  melts  well, 
and  is  not  excessively  dispersed  during  its  passage  through  and/ 
or  arc  and  the  plasroa.  In  terns  of  co8qx>sltion  and  purity,  this 
material  is  not  ideal  for  crystal  growth,  but  it  Is  illustrative 
of  the  coarser,  denser  physical  form  required  for  experimentation 
in  the  R.  F.  plasroa  fscility.  It  should  be  noted  that  finer 


^ArcHPMlted  material  of  the  very  high  purity  desired  for 
crystal  growth  is  not  readily  available,  and  is  not  likely  to  be 
because  of  ctmtaminiitioo  sources  inherent  in  melting  and  subsequent 
crushing.  A  more  likely  source  of  dense  stoichlosietric  spinel  ca¬ 
pable  of  being  crushed  to  yield  moderate  particle  sitings  is  at- 
taimible  by  hot  pressing  high  purity  fine  grained  spinel  obtained 
by  coprecipitation.^  To  retain  the  Initial  high  purity  of  the 

hot  pressed  ccmcmct,  special  crushing  and  leaching  techniques 
would  be  required. 
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fractions  (minus  270-  or  minus  325-  mesh)  of  the  arc-fused  mate¬ 
rial  display  very  high  angles  of  repose,  and  are  more  difficult 
to  feed. 


Results  of  Crystal  Qroiirth  Experiments 

In  using  the  oxy-hydrogen  fueled  Verneuil  torch  and  aj^ra- 
tus  described  in  Reference  3,  the  chief  experimental  difficulty 
encountered  in  growing  stoichiometric  spinel  was  in  maintaining 
a  sufficiently  high  heat  flux  to  maintain  a  proper  melt  at 
2135^  without  having  to  employ  excessively  high  gas  velocities. 
At  lower  temperatures  (1950  -  2050®C)  where  alumina-rich  spinels, 
sapphires,  and  rubles  are  readily  grown,  this  problem  Is  much 
less  severe.  Very  careful  manipulation  of  oxygen  and  hydrogen 
flow  rates  to  achieve  an  optimum  stoichiometry  were  required  fox- 
spinel.  In  general,  such  adjustments  fell  within  the  range  of 
uncertalnity  of  the  flow  meters  employed;  they  %«ere  best  ac¬ 
complished  by  optimizing  temperature  as  determined  by  a  Latronics 
Color-ratio  pyrometer  focused  directly  on  the  liquid  layer  of 
the  growing  boule. 

A  second  experimental  difficulty  Is  related  to  the  choice 
of  proper  seed  materials.  Eb  suitable  single  crystals  of  stoi- 
chicmtetrlc  spinel  are  available  as  seed  stock.  The  spinel-alu¬ 
mina  eutectic  at  about  1950^C  seriously  interferes  with  the  use 
of  easily -obtained  sapphire  seed  crystals.  Magnesia  crystals 
are  refractory  enough,  and  are  available,  but  are  not  structur¬ 
ally  compatible  with  spinel. ®  Therefore,  polycrystalline 
spinel  "slivers"  cut  from  a  thin  walled  crucible  haiw  been  em¬ 
ployed  most  reliably  as  "seeds",  although  they  are  far  from  ide¬ 
al  for  the  purpose.  If  a  polycrystalline  column  about  0.1  x 
0.1  X  1.3  inches  is  ground  to  an  approximate  60^  tapered  point 
and  aligned  in  an  alumina  candle,  it  is  not  too  difficult  to 
initiate  a  transparent  melt  on  the  tip,  from  %«hich  a  single  crys¬ 
tal  is  presumed  to  nucleate.  Obviously,  multiple  nucleations 
are  fairly  likely;  a  true  single  crystal  seed  teould  be  much  pre¬ 
ferred  on  theoretical  grounds. 

Entirely  apart  from  fundamental  considerations,  the  use  of 
polyciystalline  seed  stock  has  one  final  and  frustrating  experi¬ 
mental  drawback.  During  growth,  each  portion  of  the  seed  is  at 
some  very  high  temperature,  ranging  downward  from  the  melting 
point,  2135°C  (or  just  below) ,  at  the  base  of  the  lK>ule  to  per¬ 
haps  1800^0  at  its  Junction  with  the  candle.  The  strength  of 
the  slender  seed  at  such  tmnperatures  is  low,  probably  not  more 
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tUan  a  faw  hundrad  pal  at  alow  atraln  ratea.  Aa  tha  experiment 
progroiaaaa,  tha  straaa  ijqmaad  on  the  aaad  by  the  growing  boule 
incraasaa,  and  plaatic  deformation  la  likely  to  be  Induced  by 
eccentric  It  laa  in  the  aaaa  of  tha  rotating  boule,  ox  isy  spurious 
vibrations.  A  nuaibar  of  asqieriments  have  been  terminated  ab~ 
rubtly  by  a  failure  of  tha  polycrystalline  seed  just  beneath  the 
boule;  tha  %d)ita-hot  boula  drops  from  tha  furnace  and  cracks 
under  the  suddenly  lapsed  thonaal  atreas. 

Figure  6  slxywa  fracture  surfaces  of  one  such  accidentally 
cracked  boula  gax^wn  on  a  polycrystalline  seed  In  the  oxy-hydro- 
gen  furnace.  It  can  be  noted  In  the  right  hand  fragment  that 
the  transparency  Initially  developed  «ieis  not  maintained  as  the 
boule  grew  larger,  but  became  interspersed  with  progressively 
more  bidobly  and/ox  translucent  regions.  This  point  is  discussed 
in  fuxiher  detail  in  a  later  section. 

Many  of  the  experlmenta  carried  out  in  the  K.  F.  plasma 
facility  have  been  single-variable  studies  concerned  principally 
with  working  out  a  particular  prt^lem  of  feed  behavior,  of  plas¬ 
ma  inversion,  etc. ,  such  that  crystal  growth  i>er  se  frequently 
was  only  a  secondary  objective,  or  was  being  used  to  monitor  the 
influence  of  the  variable  under  study.  As  these  various  prcblems 
have  been  worked  out  one  by  one,  it  has  been  possible  to  carry 
out  full-fledged  crystal  growing  experiments  under  wull  con¬ 
trolled  conditions.  In  these  cases,  the  principal  factor  which 
is  likely  to  determine  the  success  of  an  eaqperlment  is  the  diag¬ 
nostic  Jirtlf|awsnt  of  the  operator  (s),  a  problrai  already  discussed 
in  bn fe ranee  3.  In  most  respects,  the  growth  of  good  quality 
czyataJji  in  the  F«  plaisM  facility  is  dependent  on  attaining 
mne^  tha  same  cemditions  cme  strives  in  the  oxy-hydrogen 
furnace,  ao  that  criteria  upon  which  operator  judgement  is  based 
are  not  too  dlf:teront  bettieen  tlM  two  units,  although  the  pro¬ 
cedures  In^lved  in  Implaawnting  a  corrective  change  in  condi¬ 
tions  mug  be  quite  imlike. 

Zn  the  early  st^gas  of  growth  in  the  R.  F.  plasaa,  clear 
transpammt  boulea  of  spinel  can  be  grown  on  polycrystalline 
seeds  using  minus  200  swiBh  arc-fnssd  spinsl  as  fssd  material; 
ems  such  boule  is  illustrated  in  Figure  7.  Blockage  of  a  feed 
tuba  above  the  torch  terminated  this  particular  run  ao  that  the 
boule  was  not  able  to  attain  a  larger  sise.  It  ias  cooled  to 
abderfk  1600^  lag  gradual  wlldidrawel  into  the  furnace  with  the 
plaana  eeuxee  operatinf  at  reduced  power,  and  thereafter,  when 
the  plsMa  had  been  eactlnguiidied,  at  the  natural  furnace  cooling 
rate.  Althoui^  it  is  relatively  free  of  flam  and  macroscopic 
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Figure  6.  T%«o  halves  of  cracked  stoichionetrlc  spinel  boule 
grown  In  oxy-hydrogen  fueled  Vemeull  furnace. 
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fractures,  Laue  back  reflection  X->ray  photograme  Indicated  h 
conai<^r«ble  enount  cf  lattice  dietorclon,  end  a  substantial 
incidence  of  svd>grains. 

If  sapphire  seed  crystals  are  utilized,  the  growing  spinel 
crystal  takes  on  a  siorphology  which  is  quite  renlniscent  of  sap¬ 
phire  boules  gro%m  iqx>n  similarly  oriented  seeds.  This  effect 
is  illustrated  in  Figxure  8;  the  spinel  crystal  shown  in  8a  was 
grown  on  a  0^  sapphire  seed  (c-axls  coincident  with  rod  axis) 
and  has  the  slender,  axially  syssBetrlcal,  columnar  gro%irth  habit 
characteristic  of  this  orientation.  The  epitaxy  existing  be¬ 
tween  AI2O3  {0001)  euid  spinel  flli)  is  such  that  the  growth  di¬ 
rection  for  spinel  should  be  ^111>  .  The  crystal  Illustrated  in 
Figure  8b  «fas  grown  on  a  90^  sapphire  seed,  and  quickly  develoj^ed 
the  broad  growth  surface  and  blocky  shape  associated  with  90^ 
sapphire  boules.  Either  <110>  or  <112>  gro%rth  directions  are 
likely  for  spinel  ufider  these  conditions,  this  particular  one 
grew  approximately  along  <110>.  As  previously  mentioned,  sap¬ 
phire  seeds  are  not  very  satisfactory  for  growing  spinel.  A 
fluid,  bubbly,  and  very  mdblle  liquid  droplet  (presumed  to  be 
the  spinel-alumina  eutectic)  was  usually  formed  Just  beneath 
the  boule  and  thereafter  migrated  2dx>ut  over  the  seed  and  lower 
portions  of  the  boule.  Such  seeds  were  prone  to  severe  thinning 
Just  below  the  boule  and  frequently  failed  because  of  thermo- 
chemical  corrosion. 

A  particularly  baffling  problem  relating  to  bubbling  in 
R.  ?•  plasma-grown  spinel  crystals  is  also  evidenced  by  the 
illustrations  in  Figure  8.  The  bubbling  usually  does  not  ap¬ 
pear  until  growth  has  been  coeq>leted  and  cooling  has  been  ini¬ 
tiated;  what  had  af^ared  to  be  transparent  crystal  covered 
with  a  abaXlow  aielt  begins  to  bubble,  even  to  the  point  of 
frothing.'  The  phenosmnon  contintxed  with  furtlmr  cooling  until 
the  melt  was  coiqpletely  solidified,  and  parhaps  even  after 
solidification,  fievelc^pment  of  hvdbbles  during  or  Just  after 
growth  was  aoxm  severe  idien  the  basic  plasma  gas  (argon)  was 
enriched  with  oaqygen,  and  was  reducad  in  extant  when  a  dilute 
hydrogen  ^  heliua  mixtuire  ware  aubstltuted.  The  phenomenon  has 
been  consistently  observed,  evei:  in  pure  argon,  and  even  when 
special  pracautions  had  haen  taken  to  eliminate  extraneous  gas 
sourcas  from  tihm  system,  including  carbonacaous  residues  frees 
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Figure  7.  Two  views  of  a  spinel  boule  gro«m  In  the 
R.  F.  plasma  crystal  grovrth  facility  uti¬ 
lizing  a  polycrystalline  seed  and  minus 
200-iiiesh  arc-fused  spinel  feed  material. 


(a)  0°  Sapxdilre  Seed  (b)  90^  Sapi^ire  Seed 

Figure  8.  Spinel  boules  grown  in  the  R.  F.  plassui 
crystal  gro%#th  facility  utilizing  sin¬ 
gle  crystal  sapphire  as  seed  material. 


fMd  MtttrlJtls 


One  Mey  enelyse  thm  pommihlm  cause*  for  the  bubbling  pbe- 

noeenon  in  this  wey* 

(a)  The  bubbles  sze  crested  during  the  early  stages  of  cooling 
by  the  evolution  of  a  gas  phase  less  soluble  in  the  crya- 
talline  state  tiian  in  the  Mlt. 

(b)  The  source  of  the  gas  creating  the  bubbles  could  be  extra- 
neous«  e.g. ,  air  entrained  in  and  near  the  plasma  might  be 
heated  enough  to  cause  O2  and  M2  to  react,  forming  M02* 
Bowsver,  high  floi#  rates  of  relatively  cool,  un-ionized 
argon  surrounding  the  plasma  within  its  fused  quartz  en¬ 
closure  should  provide  a  protective  blanket,  making  this 
possibility  fairly  unlikely. 

(c)  Spinel  itself  could  be  disproportionating,  yielding  a  vapor 

phase,  presumably  NgO.  The  vapor  pressure  of  MgO  is  known 
to  be  relatively  high  at  these  teiqperatures,  and  the  stoi¬ 
chiometry  of  spinel  does  change  %Aien  processed  in  the  plasma 
(see  later  discussion)  •  Bowever,  it  is  not  ea^  to  explain 
why  the  bubbles  only  appear  after  cooling  has  begun  if  NgO 
is  the  culprit;  should  be  even  less  soluble  in  a 

spinel  melt  than  in  a  spinel  crystal,  and  it  should  evaporate 
more  readily  from  free  surfaces  than  from  within  the  interior. 

(d)  The  possibility  of  adsorption  of  argon  in  the  spinel  melt 
during  growth  and  its  subsequent  release  during  cooling  must 
IMS  ciNGiMiidered.  The  plassm  itself  provides  a  rich  source  of 
ener^tic  argcm  atosw  and  ions;  furtheneore,  some  interaction 
of  the  plasma  envircusMnt  with  the  spinel  is  suggested  by  the 
luminous  glow  which  persists  Just  at  ths  surface  of  the  boule 
during  growth.  The  marked  lattice  distortion  of  particles 


*Bdfabliag  in  plasy-iirowH  crystals  hss  also  been  <dMMtrved 
by  Clausen  and  Mutter^  at  General  Slectrlc  Meeearch  laboratory; 
tlisy  attributed  bubbling  in  MI2O3  boulee  to  evaporation  of  isqim- 
rltiea  Initially  preaent  in  the  teed.  Xt  should  be  noted  that 
the  Imbbliag  tiwy  reported  occurred  durino  growth  (a  j^ienamenon 
urn  have  also  mneoanteved)  wlmiEeaB  our  prsMnt  concern  is  with 
hwiibling  which  aypcars  during  cooling  of  sn  essentially  trane* 
parent  boule. 


h«ated  In  the  plamia  and  quench-cooled  thereafter  (see  later 
discussion)  also  could  be  Indicative  of  some  interaction 
with  argon  at  the  high  temperatures  attained. 

(e)  Vacancy  clusters  (aggregations  of  individual  lattice  vacan¬ 
cies)  might  form,  grow,  ^u1d  attain  "bubble**  size  at  temper¬ 
atures  near  the  melting  point. 

Of  the  several  possibilities,  argon  absorption -desorption 
and/or  vacancy  clustering  have  been  considered  most  likely;  they 
have  been  studied  in  some  detail,  and  are  discussed  below. 

Even  in  this  era  of  noble  gas  chemistry, one  does  not  sug¬ 
gest  lightly  that  argon  has  entered  into  reactions  with  spinel, 
nor  accept  the  hypothesis  without  strong  proof.  A  series  of  tests 
were  carried  out  in  an  attenpt  to  determine  the  presence  or  ab¬ 
sence  of  argon.  Minus  200-fflesh  sanples  of  (a)  unaltered  feed  ma¬ 
terial  (b)  feed  material  quenched  after  a  single  pass  through  an 
argon  plasma,  and  (c)  a  boule  grown  from  the  feed  material  in 
argon  were  subjected  to  heating  to  900^C  in  a  fused  quartz  con¬ 
tainer  ^  vacuo  (continuously  pumped) ;  periodically  gas  samples 
were  transferred  to  a  Consolidated  Electrodynamics  Type  21-620 
mass  spectrometer,  and  were  analyzed  over  the  range  mass  12  to 
mass  44.  Up  to  900^C,  release  of  argon  (mass  40)  was  not  exper¬ 
imentally  evident.  It  should  be  pointed  out,  hovwver,  that  had 
argon  been  frozen  in  at  2135°C  (the  melting  point  for  spinel) ; 
the  limiting  temperature  in  the  mass  spectrometer  experiments 
(only  900^C)  might  well  have  failed  to  release  ^tectable  amounts. 
The  gases  which  were  detected  in  decreasing  order  had  masses  of 
28,  18,  and  12;  CO  was  the  principal  gas  present.  Since  the 
fused  silica  bulb  had  been  blown  offhand  with  a  gas  fueled  torch, 
the  container,  rather  than  the  sasqples,  could  well  have  been  the 
source  of  the  CO.  Thus  the  experiments  to  date  are  inconclusive 
as  to  whether  or  not  argon  reacts  with  spinel  during  processing 
in  the  R.  F.  plasma  at  temperatures  near  the  2135^C  melting  point. 
In  the  absence  of  ai^  strong  proof  that  argon  did  contribute  to 
bubbling,  some  other  e^qplanation  for  the  phenomenon  is  required. 
Vacancy  clustering,  discussed  below,  offers  the  most  satisfactory 
argument. 

As  a  consequence  of  evaporation  of  NgO  from  spinel,  the  spi¬ 
nel  stolchiometEy  becosws  alumina-rich,  with  cation  vacancies 
being  created  in  the  structure* 

••98  °32  -♦  '•97  *^16  ®31  *  '•90T 


(1) 


(2) 
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%^r«C3*>  vacant  tatrahadral  site. 

AttrUsutabla  to  nonstoichioMtzy ,  these  tetrahedral  site  vacan> 
cies  exist  in  the  growing  crystal  along  with  thermally -induced 
anion-cation  vacancy  pairs  of  SchottJcy  type.  As  evidenced  hy 
its  SBHiller  lattice  parameter,  the  material  in  the  boule  has 
contracted.  The  required  shrinkage  could  have  been  accomplished 
by  the  evolution  of  vacancies  in  clustered  form.  Formation  of 
such  vacancy  clusters  and  their  migration  tovmrd  free  surfaces 
during  cooling  thus  offers  a  fairly  tenable  explanation  for  the 
bubbling  phenomenon  under  discussion. 

Confirmatory  evidence  for  this  vacancy  cluster  hypothesis 
of  bubble  formation  has  cosie  from  observations  of  spontaneous 
bubble  generation  in  spinel  at  elevated  temperatures.  The  spec¬ 
imens  in  this  case  were  polished  portions  of  spontaneously  frac¬ 
tured  boules  of  nominally  stoichiometric  composition  grown  at 
the  Kaytheon  Coaqpany*  nfhlch  were  being  employed  as  controls  in  a 
study  of  plastically  deformed  crystals  being  thermally  etched  in 
vacuo.  During  careful  microscopic  examination  of  polished  sur¬ 
faces  following  heat  treatment,  it  was  ngted  that  sub-surface 
bubbles  had  begun  to  form  as  low  as  1700  C,  and  that  they  gradu¬ 
ally  increased  in  size  with  subsequent  treatments  at  temperatures 
up  to  1800^.  These  temperatures  are  sufficiently  high  to  cause 
MgO  evaporation  vacuo,  and  It  is  now  thought  that  the  vacan¬ 
cies  left  behind  were  clustering  to  create  the  microscopically 
(ultlmtmly  macroecqpic) ,  bobbles  within  the  crystals. 

Xettice  constants  obtained  from  Z-ray  diffraction  patterns 
of  (a)  fsed  material  (arc-fused  MgO-rich  spinel)  prior  to  pas¬ 
sage  through  the  plasma;  (b)  the  same  material  after  a  single 
pass  throu^  the  plasma  and  (c)  a  crushed  specimen  taken  from  a 
boole  grown  in  the  plasma  from  this  feed  material  are  listed  in 
Table  1.  The  unaltered  feed  material  8ho%iied  an  average  unit 
cell  aiee,  a^,  of  8.083A,  as  compared  with  an  average  of  8.066A 
for  the  Asm  X-my  standard  for  sninel  (card  S-€72) .  After  a 
single  pees  through  the  plassa,  the  lattice  constant  had 


*8pscimsas  were  made  available  by  Stanley  I.  Nhrshaw,  of 
the  li^theiMi  Company,  whose  contributions  and  helpful  discus- 
■Icms  are  gratefully  ac)uiowledgsd. 


**d  spacing  according  to  Swanson  and  Puyat,  MBS  Circular  5^9,  Vol.  XX.  p.  35,  1953 » 
♦•♦lattice  constants  calculated  from  d  spaclngs  (d  ■  a^j  )  • 

♦***d  spaclngs  according  to  Geological  Survey  Circular  29  equivalents. 
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decreased  still  more,  to  8.002^.  Such  a  decrease  In  lattice 
parameter  is  indicative  of  a  progressive  loss  of  MgO,  yielding 
an  altsBlna-rich  spinel  solid  solution.^ 

Figure  9  shows  intensity  versus  diffraction  angle  28  as 
detezsHrned  in  separate  studies  made  with  a  scintillation  counter¬ 
goniometer  X-ray  diffrac  team  ter  for  the  lines  %fhich  show  broad¬ 
ening  as  a  function  of  plasma  treatment.  Loss  of  free  NgO,  con¬ 
traction  of  the  lattice,  and  distortion  of  lattice  spaclngs  as  a 
result  of  plasma  porcessing  are  clearly  evident. 

Broadening  of  the  lines,  particularly  (440)  and  (511)  in 
Figure  9b,  is  thought  to  be  indicative  of  a  tetragonal  distortion 
of  the  spinel  structure.  These  particles  were  heated  and  cooled 
almost  instantaneously  in  their  brief  passage  through  the  in¬ 
tensely  hot  plasma,  so  that  the  distorted  structure  may  be  an 
unstable,  non-equillbrivsn  one. 

The  detrimental  role  played  during  crystal  gro%i^  by  the 
instability  of  spinel  at  its  melting  point  is  clearly  indicated 
by  these  results.  Since  loss  of  NgO  and  consequent  contraction 
of  the  spinel  lattice  appear  to  depend  upon  the  length  of  time 
of  exposure  at  ten^rature,  it  follows  that  the  composition,  and 
hence  the  lattice  parameter,  of  spinel  in  a  crystal  will  vary 
according  to  its  particular  position  in  the  boule,  as  well  as 
according  to  the  size  of  the  boule  (i.e.  to  the  total  time  re¬ 
quired  to  grow) . 

If  such  gradients  in  lattice  spacing  do  exist,  it  is  appar¬ 
ent  that  strains  of  increasing  smgnltude  will  be  de^loped  as 
the  sise  of  the  boule  is  increased;  such  strains  are  now  con¬ 
sidered  the  probable  cause  of  the  spontaneous  fractures  occuring 
during  growth  and/or  annealing  %diich  many  investigators  have 
noted  as  beiang  so  characteristic  of  stoichiometric  spinel.^' 

Alcmg  this  same  line  of  reasoning,  it  seenuB  quite  probable  that 
the  overfeeding  techniqimt  reported  by  Lefever^^  (tdtich  builds  up 
a  polycry stallime  Jacket  around  a  srhgle  crystal  core  of  stoi- 
chicsMitrlc  spiiMBl)  contribubea  to  successful  growth  as  snich  by 
acting  aa  a  barrier  capable  of  preventing  NgO  losses  by  evajpora- 
tlon,  bence  stabilising  the  composition,  as  it  does  by  insulating 
a^inat  tl^rmal  shock  fractures, 

Zn  coocludlltig  tt|ie  sectic^  on  crystal  growth,  some  final 
pointa  are  worthy  of  cansent  vfhlch  stand  out  from  our  overall 
esfgperience,  and  soma  future  directions  for  research  on  growth  of 


Figure  9.  Intensity  veraua  diffraction  angle,  26,  for  (a)  arc^fusfed  MgO-ricl 
spinel  feed  material,  (b)  the  same  feed  material  after  a  single 
peas  through  the  plasma,  and  (c)  a  crushed  specimen  tahen  from  a 
boule  grown  in  the  plasma  utilising  this  feed  material. 
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•plMl  are  raviawad.  Tha  evaporative  losses  and  structural 
changas  wblch  occur  in  NgAl-O^  at  or  near  its  melting  point  are 
thought  to  be  particularly  Mtrimental  to  the  gro%irth  of  large 
whole  boules  of  accurate  cation  stolchiOBwitry  and  high  quality 
by  flasks  fusion  processes.  Thera  is  but  little  difference  to  be 
found  batmen  oxy-hydrogan  and  R.  F.  plasma  heat  sources  Inso- 
ftr  as  Instability  is  concerned;  the  basic  probl^  is  that  feed 
particles  and  tha  boule  itself  srast  ^  jsaintalned  at  tempera¬ 
tures^  XMar^ie  aielting  point  for  relatively  long  periods  of  time, 

•  during  which  tha  spinel  progressively  changes. 

Another  basic  difficulty  with  any  flaioe  fusion  process  re¬ 
lates  to  its  need  for  very  unlfozm  deposition  through  a  dynamic 
gas  transfer  siodiuM  of  properly  heated  feed  particles  within  a 
rather  localized  apace-tenperature  zone^  This  need,  together 
with  the  purity  levels  required  for  high  quality  crystals,  places 
very  stringent  defsands  on  the  electromechanical  feeding  device, 
even  with  free  flowing  material.  These  requirements  also  com¬ 
plicate  torch  design  and  heat  transfer.  The  high  angles  of  re¬ 
pose  and  packing  tendencies  characteristic  of  spinel  feed  mate¬ 
rials  further  cosqpound  the  problem,  so  that,  of  the  many  experl- 
laental  prcAIasis,  material  feed  has  been  the  roost  difficult  to 
get,  and  keep,  under  control. 

Mb  have  cone  to  the  conclusion  that  flame  fusion  (regard¬ 
less  of  heat  source)  and  indeed,  any  other  method  requiring  the 
isaterial  to  be  kept  at  its  melting  point.  Is  not  likely  to  yield 
good  single  crystals  of  stoichiometric  spinel  of  a  sort  useful 
in  studies  of  isechanical  properties.  Therefore,  it  Is  our  opin¬ 
ion  that  future  research  on  spinel  crystal  growth  should  be  di- 
i  1^^  tiiSiSIbd  can  cerate  at  lMM»r  temperatures. 

Such  methods  ^11  into  two  basic  types,  i.e. ,  (a)  growth  fay 
crystalliaation  frem  vapor  deposits  or  by  pyrolysis,  or  (b) 
growth  by  czystallization  from  a  fluxed  melt  (including  Iq^dro- 
thereml  ^^Ite**  fluxed  wi^  92^)  *  ^  recent  exaa^le  of  the  former 

is  found  in  the  wo2^  by  S4iaf fer^S  on  growth  of  AI2O3  single  crys¬ 
tals  by  vapor  deposition.  Zn  adteptlxig  the  smthod  to  spinel,  it 
would  be  nuoenaary  to  achieve  equal  activities  of  both  cation 
species  in  the  pbaiMi  at  tim!  deposition  temperature.  The 

work  of  Austexman^  oq  flux*-grown  fieO  single  crystals  may  be 
cited  as  an  exaeple  of  the  second  type  of  smderate-tsi^rature 
prooeas, .  '  \ 

The  CTOGhreiiricl^^  method  of  crystal  growth  ie  consisted  to 
be  particularly  favorable  for  attaining  the  sizes,  shapes,  and 


freedom  from  defects  desired  In  boules  for  mechanical  property 
studies;  Its  success  Is  attested  by  Its  wide  use  In  growing  sil¬ 
icon  and  german  Ivon  crystals  for  semi-conductor  applications. 

For  spinel,  the  Czochralskl  technique  Is  not  thought  to  be  ap¬ 
plicable  for  direct  grovrth  from  a  pure  spinel  melt,  first,  be¬ 
cause  of  the  Instabilities  of  spinel  at  such  tenq)eratures,  and 
second,  because  of  the  difficulty  in  finding  a  non-reacting 
crucible  vhlch  will  contain  the  spinel  melt.  Experiments  al¬ 
ready  have  eliminated  graphite,  molybdenum,  tungsten,  and  tanta¬ 
lum  ^  vacuo  or  Inert  gases;  Iridium  is  perhaps  the  only  likely 
candidate,  and  Its  chances  of  success  are  considered  marginal. 

On  the  other  hand,  Czochralskl  pulling  of  spinel  crystals  from 
fluxed  melts  (at  temperatures  far  below  the  melting  point  of 
spinel)  does  appear  to  offer  a  promising  direction  for  continu¬ 
ing  research  (already  underway  on  a  limited  scale  with  Univer¬ 
sity  funding) . * 


*ifhile  traveling  in  England  (June,  1964) ,  one  of  us  (If.  N. 
Krlegel)  Imib  learned  that  Or.  K.  A.  D.  White,  Hirst  Hssearch 
Center,  General  Electric  Coi^pany,  Itmlblmy,  has  been  growing  spi¬ 
nels  by  pulling  from  a  fluxed  melt.  Cossplete  information  is  not 
available  at  the  tine  of  writing. 


The  BlcrohardnesB  and  con^reaslva  atrength  of  alimlna-rich 
apinal  tingle  cryatala  have  been  etudled  as  a  function  of  the 
atate  of  exsolutloo  of  the  exceae  almlna.^  Wien  the  boule  ie 
quickly  cooled  fren  the  aolten  atate  at  the  cone  lua  Ion  of  grourth 
the  exceae  alwlna  reawlna  In  netaatable  aolld  solution.  If  the 
boule  aubaequently  la  heat  treated  at  tenqieratures  edxive  lOOO^C 
the  exceae  aluelna  preclpltatea  in  the  fom  of  epitaxially  orl- 
enteddC-AljO^  plateleta  uhleh  have  their  baaal  planes  coincident 
iflth  the  (111)  planea  of  the  aplnel  Mtrlx.  As  the  exsolution 
progresses  over  the  range  1000  >  1400°C  the  Knoop  mlcrohardness 
Increases;  the  teiqperature  tlm-atnosphere-hardness  relationship 
determined  In  these  studies  la  statistically  different  for  in¬ 
dentations  normal  to  |112]  and  {llo|  directions,  respectively, 
on  (111)  planes  In  aplnel. 

Over  the  range  700  -  1000*^C,  the  hardness  studies  suggest 
an  annealing  effect  attributable  to  the  themally  activated  dis¬ 
sipation  of  surface  cold  %«ork  resulting  from  cutting  and  polish¬ 
ing,  and  of  Internal  strains  residual  In  boules  quenched  from 
the  growth  teaqierature. 


In  metals,  hardening  of  this  sort  is  usually  associated 
with  concomitant  strt^ngthenlng,  but  a  parallel  study  of  compres¬ 
sive  strength  at  room  temperature  for  heat  treated  spinel  crys- 
imOs  ImMoatmd  that,  at  rooa  tec^emlmre,  mlcrohardnmss  and 
strength  are  inversely  related  (Fig.  10) .  Both  properties  re- 
(q^onded  to  annealing  In  the  700  -  1000*%  range,  but  In  opposite 
ways.  By  coagmrlson  to  untreated  material,  annealing  produced  a 
6%  decrease  In  sULcrohardhMSS  at^  a  34%  Increase  In  coeqiresslve 
strength  (to  436,000  pal).  At  higher  temperature,  e.g. ,  1400^0, 
hardness  had  Incraased  31%  abovo  that  of  the  luitreated  control 
sr  113S) ,  but  the  strength  had  fallen  by  50%,  reaching  a 
of  about  156,000  psi  («^%)  at  isao^. 


At  a  hltfier  test  tceperature,  l^OO^C,  the  compressive 
strragth  of  |llo]  •oriented  spinel  crystals  %Ailch  had  bsten  heat 
treated  tsis  ^Ite  different  from  that  measured  m  room  tesqiera- 
tuts  tests.  The  average  ccsqweeelve  stseiigth  of  tbm  samples 
eiyifili  had  hmm  haat  treated  at  loai^  eaa  183,000  pel  ( In  corn- 
par  leea  to  room  tamperature  data,  this  represents  a  reduction 
la  etmgth  of  5699  while  esmplee  heat  treated  at  1357*%  de- 
ermaaed  to  158,000  ^1,  a  redmetlom  of  only  7%  txtm  the  room 


streagth  valne. 


Itor  this 


rigur«  10.  Pr«dlct«d  variations  In  mlcrohardneas  and  compreaaiva  atrangth  as  € 
of  tamperatura  for  haat-treated  alunlna-rlch  spinel  singla  crystals 
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pihttncMiion  Is  that  tha  limited  mobility  at  1000^  of  dialocations 
in  previoualy  annealed  eplnel  zeealted  in  eoae  slip  on  the  ti«o 
intereecting  (111)  planea  oriented  to  receive  equal  levels  of 
resolved  shear  stress.  Intersections  and  pile  upe  of  disloca-<* 
ticms  Oil  these  two  planes  during  the  initial  portions  t>f  plastic 
strain  led  to  cndc  formation,  thus  inducing  brittle  failure  at 
very  snail  strains  and  Ic*^  stress  levels. 20.  21  xn  case 
of  two  phase  sasqples  idiich  had  been  heat  treated  at  1357^0.  dis¬ 
locations  were  pinned  hy  the  precipitate  and  thus  were  not  mobile 
enough  to  induce  a  comparable  reduction  in  strength  through  dis¬ 
location  interactions.  It  should  be  noted  that  most  of  the  in¬ 
ternal  strain  attributable  to  thermal  expansion  oiismatch  between 
aluaina  and  spinel,  so  detrimental  to  room  tenqperature  strength 
in  heat  treated  specimens,  will  have  been  relieved  during  heat¬ 
ing  to  test  temperature,  hence  it  is  not  a  particularly  signifi¬ 
cant  factor  in  strength  at  1000^. 

At  ISOO^C,  spinel  crystals  oriented  so  that  {noj  was  the 
load  axis  underwent  considerable  defonaation,  displaying  uj^r 
and  lower  yield  points  and  a  significant  amount  of  work  harden¬ 
ing  (Fig.  11) .  The  flow  stress  was  strongly  dependent  on  strain 
rate. 


At  still  higher  tenperatures  (IBOO^C) .  single  cryscal  spi¬ 
nel  specimens  tes'ted  on  spinel  anvile  initially  began  to  deform, 
but  work-hardened,  raielng  the  flow  streee.  Thereafter,  most  of 
the  applied  streee  went  into  deforming  the  dense  polycrystalline 
aul^l  blociui,  SHait  Idii  test  qpe«  teats  coBseq[oently 

were  inconclusive.  So  non-reactive  anvil  amterial  with  auffi- 
c  lastly  high  compreeeive  strength  has  lieen  fbund  to  permit  un- 
aablguoue  strength  and  flow  measurements  in  spinel  crystals  at 
these  hi^^r  temparaturee.  Boemver.  at  low  croeidiaad  strain 
rates  (#0.02  Ir^^uUi.)  end  at  streea  levels  to  3,800  pel. 
tungsten  anvile  have  been  eucceeefully  employed  in  deforming 
spinel  crystals  at  1800*^. 

Bpeclmsns  deforamd  at  ISOO^C  and  ibove  changed  shape  in  an 
UBUsual  and  characteristic  wsyi  the  (UO}  column  face  paral¬ 
leling  the  <110>  load  axis  becasm  significantW  broader  due  to 
lAtereoctlmg  slip  cm  the  two  families  of  |lll}  slip  planes  which 
received  wgmftl  levels  of  remilved  ihear  stress  in  this  orienta- 
ttcm.  The  orthofciBiBl  flOOl  eobmi  face  bceadeaed  slightly  due 
to  intersecting  slip  oceurfing  in  fill}  planes  between  the  two 
slip  jqfetesMi  operative  em  {^ii|  (i/e.,  atiliaing  the  two<110> 
Bargers  veetera  which  have  eampomeats  in  tha  hhear  direction) 


LOAD  IN  POUNDS 


Figure  11.  Load  versus  deflection  for  al»lna-rich 
spinel  single  crystal  vith  a  fnol  load 
axis  tested  at  ISOO^’c. 
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At  I800^C«  •  ap«clMn  <tofoxMd  4.4%  along  tha  <110>  load  axis 
had  broadanad  4.9%  in  the  <100^  direction  on  the  orthogonal 
|llo|  face,  but  had  increased  by  only  0.5%  in  the  ^110 >  direc¬ 
tion  on  the  fioojl  face.  With  extensive  flow,  a  third  deforma- 
tKMi  type  appearedt  the  upper  portion  of  the  flOO}  face  became 
visibly  offset  from  the  lower.  This  phenomenon  is  related  to 
the  usual  Ijssobility  of  dislocations  on  vertically  oriented 
sets  of  fill)  planes  which  «iere  subjected  to  normal  rather  than 
shear  f&rces  along  the  one  operable  <110 > Burgers  vector;  such 
a  situation  favors  a  special  type  of  deformation  called  Winking, 
which  probably  accounts  fbr  the  observed  behavior. ^ 

The  extremely  stable  spinel  cosqpound  is  absost  imnune  to 
chemical  attack;  hence  the  usual  chemical  etch  pit  reagents  and 
techniques  employed  for  studies  of  dislocation  concentrations 
and  interactions  in  other  <ncides  have  not  been  applicable.  In 
the  course  of  this  investigation  many  reagents  have  been  tried, 
with  at  best  only  partial  success.  An  etchant  (H2S0^  at  200^ 
for  periods  of  about  one  hour)  tdiich  reveals  dislocation  ter¬ 
mini  and  subgrain  botuidaries  «#as  developed, but  it  proved  to 
be  effective  only  on  fill)  planes,  and  thus  it  has  not  been  of 
srach  value  in  seeking  evidences  of  slip  bands  on  (no)  or  of 
kinking  on  flOO)  faces  of  spec lawns  extensively  deformed  in  com¬ 
pression  at  high  temperatures. 

Atteiyts  at  thermal  etching  ^  va^uo  also  failed  to  reveal 
the  speeific  evidkwiees  of  plastic  flow  being  sought,  but  they 
did  bring  out  another  significant  fact.  Kegions  Which  had  been 
extensively  deformed  at  hi0»  temperature  did  not  develop  an  ex- 
solved  alusUna  second  phase,  tdwrees  unstressed  control  speci¬ 
mens  Cor  even  portions  of  the  same  crystal  specimen  iihich  had 
been  protected  from  ^nctenaive  defoxmatimi  by  the  clasping  ef- 
tecta  of  end  restraint)  did  show  marlokl  exaolution  after  the 
theiaml  mtch  treatment. 

■aeesa  alumlM  in  aolid  soluticm  in  spinel  is  thought  to 
be  the  *lnpiitflty’*  which  contributed  to  cuper-lower  yield  points 
in  atress-stniia  plots  chtained  at  1500%  (fig.  11).  A  str^sg 
inkermctioB  between  nlnmlJM  and  mobile  dlslocatlone 

le  nine  evidenced  hf  the  reluctance  of  eactsnuilvely  deforawid  re- 
gioiMi  tx>  revert  to  ^a  theimptihr^^  stable  two  pbaee  state. 

Zt  is  not  clear  pending  farther  study  whether  deformation  iil0it 
sthhlllse  the  splnelHilMJMi  eolld  solution  by  providing  favora¬ 
ble  sites  for  in  the  strelMHl  rsgloos  surrounding  dlsloca- 

-.tlons,.  .og--4j»--a-^Ue»-lik»lv---»ltegfWtive;-  whether- 


swept  out  of  the  strained  area  by  moving  dislocations,  thus  re¬ 
ducing  the  alumina  content  of  the  solid  solution  below  the  level 
at  tdilch  exaolution  can  occur. 

The  8train-8tabili9;atlon  phenomenon  is  of  interest  from  a 
purely  scientific  standpoint,  but  In  addition,  it  carries  one 
very  practical  implication t  plastic  straining  (hot  working) 
might  afford  a  novel  means  of  stabilizing  alumina-rich  spinel 
solid  solutions  against  subsequent  thermally-induced  exsolution 
of  the  embrittling  second  phase,  thus  avoiding  the  severe 
strength  losses  which  have  been  observed  at  room  temperature  in 
heat-treated  crystals  containing  exsolved  4-Al20^. 


soMUor 


TIm  conat ruction  of  an  tu  f.  plaana  crystal  gro«<rth  facility 
has  boon  described,  and  Its  <qieration  in  studios  of  gro%#th  of 
stoichiosMtric  II9AI2O4  crystals  at  2135^C  has  been  discussed  in 
datail.  Despite  sosm  encouraging  results  and  some  near-succes- 
ses,  it  has  becone  aj^rent  that  the  R.  F.  plasma  heat  source  is 
in  Itself  not  an  ans«#sr  to  the  problmn  of  growing  spinel  single 
crystals  of  stoichioawtric  composition.  An  analysis  of  what 
happens  to  the  feed  material  and  to  the  beginning  boule  strongly 
suggests  that  instability  of  the  cospound  119X1204  at  its  melting 
point  makes  direct  fusion  synthesis  of  high  quality  stoichiomet¬ 
ric  spinel  crystals  fairly  unlikely  regardless  of  the  means  em¬ 
ployed.  Other  alternative  avenues  to  successful  grovrth  of  spi¬ 
nel  single  crystals  at  lower  temperatures,  e.g. ,  Czochralski 
oulling  from  a  flux^selt,  have  been  suggested. 

The  mechanical  strength  and  microhardness  of  spinel  single 
crystals  having  alusina-rlch  stoichioomtry  have  been  extensively 
studied  as  a  function  of  the  state  of  exsolution  of  excess  alu¬ 
mina.  A  boule  quenched  from  the  grot#th  tmq)erature  retains  the 
excess  alumina  in  solid  solution,  but  wl^n  subsequently  heat 
treated  at  temperatures  higher  than  900  —  lOOO^C,  the  metastable 
solid  solution  reverts  to  the  stable  t%«o  phase  system  spinel- 
alusUjaa.  nie  second  phase  exsolves  in  the  form  of  epitaxially 
oclontediC<dkl203  platelets  contiguous  on  their  (0001)  planes 
with  (111)  planes  In  the  spinel  host  crystal.  As  exsolution 
progresses  over  the  range  1000  -  1400^  the  surface  mlcrohard- 
ness  Increases;  the  tssperature*^rdness  relationship  is  statis¬ 
tically  different  In  {1I2)  and  Qlio]  directions  on  (111)  spinel 
planes  studied  by  JRnocp  microindentation. 

Ihe  room  temperature  cospresslve  strength  follows  an  Inverse 
path  In  comparison  to  hardness  as  a  function  of  tMat  treatment; 
annealing  causes  an  Increase  in  strength,  and  exsolution  of  a- 
lumlna  at  hl^mr  tsaperatures  siid>rittls8  the  crystal  and  materi¬ 
ally  weakens  It.  Amsaalsd  spinel  crystals  averaged  436,000  pel, 
Uiose  heat  treated  at  1500^  only  156,000  pel,  %dM>reas  untreated 
ccMitrol  siMKsJjeeas  were  tested  at  336,000  psl. 

Crystals  tested  la  eoapresslon  at  1000^  %mre  nominally 
brittle,  but  had  lost  the  ssnsitlvlly  to  weakening  attributable 
to  smsolution  la  prior  boat  treatment.  Frsvlously  annealed 
czystals  suffered  a  loes  In  strength  over  room  tesperature 


values  due  to  crack  initiation  resulting  from  dislocation  inter¬ 
actions  during  straining.  Those  tested  at  1500^  and  higher 
were  extensively  deformed  in  truly  plastic  fashion,  with  evi¬ 
dences  of  intersecting  slip  within  slip  planes  and  interpene¬ 
trating  slip  between  slip  planes. 

These  several  observations  of  strength  and  flow  at  elevated 
temperatures  in  spinel  single  crystals  clearly  demonstrate  the 
plastic  deformation  of  spinel.  The  operation  of  multiple  (111) 
(llo3  slip  systems  in  spinel  (at  least  four  in  the  least  favor¬ 
able  [llo3  load  axis  orientation)  has  been  observed,  and  the 
likelihood  of  a  kinking  contribution  to  deformation  in  this 
same  orientation  has  been  demonstrated. 

Finally,  it  has  been  noted  that  after  extensive  deforma¬ 
tion  at  high  temperature,  exsolution  of  excess  alumina  from  spi¬ 
nel  was  not  induced  in  the  strained  region  of  the  crystal  speci¬ 
men  by  subsequent  heat  treatment,  although  it  did  develop  in 
less-strained  regions  of  the  same  crystal  and  in  unstrained  con¬ 
trols.  Entirely  apart  from  the  scientific  interest  in  inter¬ 
actions  between  mobile  dislocations  and  alumina  ’‘impurities," 
the  strain-stabilization  phenonenon  is  worthy  of  practical  in¬ 
terest  as  a  possible  means  of  stabilizing  the  mechanically 
strong  spinel  solid  solution  by  appropriate  hot  work,  thus  a- 
voiding  embrittleiiient  and  loss  of  strength  due  to  exsolution. 


WIXEKBS 

1.  T.  B.  BMd,  "Growth  of  BKfractoxy  Cryatals  Using  ths  Induc¬ 
tion  FIssm  Torch,  "  ApdI.  Phvs.  32.  25-34  (1961) . 

2.  T.  B.  Bs«d,  " Induct lon'4:o\qpled  Plasm  Torch, "  Appl.  Phvs. 
32,  821  (1961). 

3.  A.  Vomoull,  "Production  Artificelle  du  Rubis  par  Fusion, " 
figaet,.  Itond.  135.  791-94  (1902). 

4.  Bayns  Palmur  111,  W.  W.  Xriegel,  and  R.  D.  NcBrayer, 
"RssoGrch  on  Gro%^h  and  Oeformtion  Nechanisas  in  Single 
Crystal  Spinel,"  Technical  Documentary  Report  ASO-TDR-62- 
1086,  Contract  AF  33 (616) -7820  (Borth  Carolina  State, 

Raleigh)  <1963}.. 

5.  Biyne  Palmour  III,  J.  N.  Waller,  R.  O.  NcBrayer,  D.  N.  Choi, 
and  L.  O.  Barnes  (North  Carolina  State,  Raleigh)  ,  "Raw  Na- 
teidals  for  Refractory  Oxide  Ceramics,"  Technical  Documentary 
Report  Nh-TOR-64-110,  Contracts  AF  34  (616) -6288  and  AF  (657)- 
8741,  Air  Force  Naterials  Laboratory,  (1964). 

6.  W.  w.  Rriegel,  Bayne  Palmour  III,  and  D.  M.  Choi,  "The  Prep¬ 
aration  and  Mschanical  Properties  of  Spinel, "  presented  in 
Special  Ceramics  Syi^osium  sponsored  by  the  British  Ceramic 
Research  Association  at  the  Association's  Laboratories, 
Queen's  Road,  Pehlchull,  Stoke-on-Trent,  England,  July,  1964. 
To  be  piiblished  in  tlM  proceedings  of  the  Symposium. 

7.  A.  M.  Ail^r,  R.  N.  NcBally,  P.  B.  RiJbi>e,  and  R.  C.  Doamn, 

"System  N9O-ai9Al204, "  £.  ift.  Ceram.  S2SL-  6  263-68 

(1962) . 

8.  O.  N*  Boy,  R.  Boy,  ai^  B.  F.  Osborn,  "The  System  Ng0-Al203- 

8102  and  Itef luenee  of  Carbc^mte  and  Bitrate  Ions  on  tlmi 
Phase  agailibria,  *  iR.  C^)  337-61,  (1953) . 

9.  Bsym  Pilmoor  lU  and  Boiig  RU  Choi,  IPseparature  Dependence 
of  Cempveeeiee  StnuiSth  in  Polycxystalline  Spinel, "  present¬ 
ed  at  tha  Spring  Meeting  of  the  Southeastern  Section, 

Bmerlcan  Ceramic  Society,  itatesyille,  M.  c.,  Narch  23,  1963 
(ihAmitted  to  Soelaty  for  puhlicatioa)  • 


aSFEiaSIICES  (eontiiB«<l) 

10.  I.  N.  Clausen  and  J.  V.  Ruttar/  General  Electric  Research 
laboratory,  Schenectady,  H.  Y. ,  "Freparatlon  Techniques  for 
Gro%rth  of  Single  Crystals  of  Vonnetallic  Materials, "  Report 
So.  64-GC>^279M,  Contract  Mo.  AF  49(638) -1247,  Air  Force 

Of fire  of  Scientific  Research,  (1964) . 

11.  R.  L.  Altiaan  and  A.  W.  Searcy,  "Vaporization  of  Magnesium 
Oxide,  and  Its  Reaction  with  Alumina, "  International  Union 
of  Pure  and  Applied  Chemistry,  Symposium  on  Chemical  and 
Thermodynamic  Properties  at  Blgh  Temperatures,  Montreal 
(1961). 

12.  (a)  Mell  Bartlett,  ”Hew  Compounds  of  Moble  Gases t  The 
Fluorides  of  Xenon  and  Radon, "  Am.  Scientist  SI  (1)  114-18 
(1963) . 

(b)  G.  C.  Pimentel,  R.  D.  Spiatley,  and  A.  R.  Miller, 
"Helium  Difluorldet  Possible  Preparative  Techniques  Based 
on  Muclear  Transmutations,"  Science  43  (3607)  674  (1964), 

13.  K.  A.  WicXershelm  and  R.  A.  Lefever,  "Optical  Properties 

of  Synthetic  Spinel,"  J.  <h>t.  Soc.  Am.  52.  831-32, 

(1960). 


14.  R.  A.  Lefever,  "Flare  Fxislon  Growth  of  C-Typ«  Rare-£srth 
Oxide, •  Rev.  Sci.  Insts.  33  1470  (1962) . 

15*  P.  S.  Schaffer,  Lexington  Laboratories,  liac. ,  "Vapor  ntiase 
Growth  of  Single  Cryiftals,  "  Report  MO.  AF  CRL-64— 57  Con¬ 
tract  Mo.  AF  19(628) -2383,  Air  Force,  Ceabrldge  Research 
Laboratories,  aedforci.  Mass. ,  (1964) . 

16.  S.  B.  Austerman,  "Growth  of  Betyllia  Single  Crystals, " 

£*  iB.’  Soc.  4fe.  (1)  6-10,  (1^3). 

17.  J.  Czoehralski.  "Measuring  the  Velocity  of  Crys^llisation 
of  Metals,"  g,,  Phys.  Chen.  22.  219-21,  (1917). 


18.  R.  D,  McBrayer,  Bayne  Palmour  Ill.  and  M.  W.  Kriegel, 
"Strength  and  Ritrdness  as  Affected  Preclpitstion  in 
Alumina-Rich  Spinel."  Presented  at  the  Sixty-Fifth  Annual 


Meeting  of  the  Asmrican  Ceramic  Societv.  Pittsburdh.  Fa. 


Mftv  ■  196  3 


ISFEREIICES  (conUnusd) 


19.  A.  Iff.  Stroh,  "The  Formation  of  Cracks  as  a  Result  of  Plas¬ 
tic  Flow,"  Proc.  Rov.  Soc.  A.  232.  548  (1955). 

20.  R.  J.  Stokes.  T.  L.  Johnston,  and  C.  H.  Li.  "Crack  Formation 
in  Magnesivur  Oxide  Single  Crystals."  Phil.  Mag.  2^  (31).  718- 
725  (1958). 

21.  R.  J.  Stokes.  Honeywell  Research  Center,  "Microstructure 
and  Mechanical  Properties  of  Ceramics. "  Office  of  Haval 
Research  Project  lionr'-4076  (00)  ini-032-451.  May,  1963. 

22.  (a)  J.  Hom&tra,  "Dislocations.  Stacking  Faults  and  Twins 
in  the  Spinel  Structure. "  J.  Phvs.  Chem.  Solids  15.  311-323 
(1960) . 

(b)  J*  Hornstra,  "Dislocations  in  Spinels  and  Related 
Structure."  Materials  Science  Research.  Vol.  1  (Ed.  H.  H. 
Stadelmaier  and  H.  W.  Austin) .  Plenum  Press,  Hew  York 
(1963) . 

23.  A.  H.  Cottrell,  Dislocations  and  Plastic  Flow  in  Crystals. 
Oxford  University  Press  (1953) . 

24.  Hayne  Palmour  III  and  H.  W.  Krlegel,  "Spinel  as  a  Model 
Material  for  Mechanical  Property  Studies  in  Ceramics;  I. 
Single  Crystal  MgAl204. "  Presented  as  the  Sixteenth  Pacif  j 
Coast  Regional  Meeting  of  the  American  Ceramic  Society, 

Oct.  25.  1963. 

25.  R.  D.  McBrayer,  Hayne  Palmour  III,  and  P.  K,  Mehta, 

"Chemical  Etching  of  Defect  Structure  in  Alumina-Rich  Spi¬ 
nel  Single  Crystals, "  J.  Jfe.  Ceram.  Soc.  46  (10) ,  504-05 
(1963) . 


